Poliacek I, Morris KF, Lindsey BG, Segers LS, Rose MJ, Corrie LW, Wang C, Pitts TE, Davenport PW, Bolser DC. Blood pressure changes alter tracheobronchial cough: computational model of the respiratory-cough network and in vivo experiments in anesthetized cats. J Appl Physiol 111: 861-873, 2011. First published June 30, 2011 doi:10.1152/japplphysiol.00458.2011.-We tested the hypothesis, motivated in part by a coordinated computational cough network model, that alterations of mean systemic arterial blood pressure (BP) influence the excitability and motor pattern of cough. Model simulations predicted suppression of coughing by stimulation of arterial baroreceptors. In vivo experiments were conducted on anesthetized spontaneously breathing cats. Cough was elicited by mechanical stimulation of the intrathoracic airways. Electromyograms (EMG) of inspiratory parasternal, expiratory abdominal, laryngeal posterior cricoarytenoid (PCA), and thyroarytenoid muscles along with esophageal pressure (EP) and BP were recorded. Transiently elevated BP significantly reduced cough number, cough-related inspiratory, and expiratory amplitudes of EP, peak parasternal and abdominal EMG, and maximum of PCA EMG during the expulsive phase of cough, and prolonged the cough inspiratory and expiratory phases as well as cough cycle duration compared with control coughs. Latencies from the beginning of stimulation to the onset of coughrelated diaphragm and abdominal activities were increased. Increases in BP also elicited bradycardia and isocapnic bradypnea. Reductions in BP increased cough number; elevated inspiratory EP amplitude and parasternal, abdominal, and inspiratory PCA EMG amplitudes; decreased total cough cycle duration; shortened the durations of the cough expiratory phase and cough-related abdominal discharge; and shortened cough latency compared with control coughs. Reduced BP also produced tachycardia, tachypnea, and hypocapnic hyperventilation. These effects of BP on coughing likely originate from interactions between barosensitive and respiratory brainstem neuronal networks, particularly by modulation of respiratory neurons within multiple respiration/cough-related brainstem areas by baroreceptor input. baroreceptive input; baroreceptor drive; respiratory motor control; nitroprusside COUGH IS INITIATED BY STIMULATION of mechano-and chemosensitive sensory endings of cough receptors and also may be influenced by a cough-related subgroup of rapidly adapting "irritant" receptors and C fibers within tracheobronchial and laryngeal mucosa (23, 24, 148) . However, the pattern of coughing (the number of coughs and their strength and timing; Refs. 67, 149) is profoundly affected by other peripheral and central afferent inputs (17, 49) , particularly during pathological processes such as infection, inflammation, and allergic reactions (28, 118). Stimuli within the larynx (141) and nose (109, 110) enhance cough induced from the tracheal-bronchial region. Stimulation of cardiac receptors (140), chemoreceptors (138), and pulmonary as well as bronchial C fibers in anesthetized animals (139) reduces coughing. Afferent signaling from muscles, joints, skin, and possibly the viscera may also alter the expression of cough (66, 67, 118) .
tions (28, 118) . Stimuli within the larynx (141) and nose (109, 110) enhance cough induced from the tracheal-bronchial region. Stimulation of cardiac receptors (140) , chemoreceptors (138) , and pulmonary as well as bronchial C fibers in anesthetized animals (139) reduces coughing. Afferent signaling from muscles, joints, skin, and possibly the viscera may also alter the expression of cough (66, 67, 118) .
Coughing induces vigorous intrathoracic and intra-abdominal pressure oscillations and changes of sympathetic and parasympathetic nervous activities (27, 67, 145) that significantly affect the cardiovascular system including dynamic changes of blood pressure (BP) and regional blood flow (60, 67) . Coughing is associated with peaks in systemic arterial blood pressure during systole and cough expulsions followed by post-tussive hypotension (unpublished observations; Refs. 67, 127) . This relationship involves central reflex mechanisms (27, 127, 145) ; it is observed also in neuromuscular-blocked decerebrate animals (unpublished observations). However, very little is known about the effects of systemic BP and baroreceptor afferent input on the excitability and patterning of cough. Available data were mostly obtained with stimulation of multiple sensory afferents resulting in expression of the chemoreflex (96, 140) , and the results suggested either no changes (139, 140) or only transient alterations of the cough reflex (96) during reduced BP.
The respiratory neuronal network is a crucial component in the generation of cough and the transmission of its central motor pattern to the respiratory muscles (54, 119, (123) (124) (125) . There is a close relationship between the control of the respiratory and cardiovascular systems. It is well established that an increase in blood pressure resulting in the baroreflex (83, 98, 135) can prolong expiration, significantly reduce breathing frequency, and reduce inspiratory drive by an action on selected populations of brainstem respiratory neurons (2, 35, 72, 76, 107) sensitive to afferent impulses originating from baroreceptors. Thus baroreceptor reflex feedback mechanisms that modulate breathing may also limit cough intensity and/or number. Hence, changes in cough excitability and/or the pattern of coughing due to the stimulation of baroreceptors (and alternatively by their unloading) are consistent with the multifunctional role of the respiratory pattern generator in controlling cough and breathing.
Motivated by this consideration, we undertook a computational modeling study of the respiratory/cough neuronal network and in vivo experiments to test the role of blood pressure changes in modulation of cough motor pattern. The study also allowed us to address a more general hypothesis that this model could be used to predict, not just motor patterns and neuronal responses of the brainstem respiratory network, but regulation of this system as well. Models simulating concurrent cough and baroreceptor perturbations of breathing predicted that an increase of mean systemic arterial BP would alter the motor pattern and excitability of the cough reflex.
METHODS

In vivo experiments.
Experiments were performed on 20 cats (5.1 Ϯ 0.3 kg; 5 females and 15 males). Animals were anesthetized with pentobarbital sodium (Nembutal; 35 mg/kg iv), and supplementary doses were administered (1-3 mg/kg iv) as needed. Atropine (0.1 mg/kg iv) was given at the beginning of the experiment to reduce secretions. The trachea, femoral artery, and vein were cannulated. The femoral artery and vein catheters carried a small expandable balloon located near the tip. The catheters were introduced and positioned within the descending aorta and/or within inferior vena cava. A balloon catheter was also inserted into the esophagus for the measurement of esophageal pressure. Animals were allowed to breathe spontaneously a gas mixture of 40% oxygen, balance nitrogen. Arterial BP within the descending aorta (proximal from the balloon), esophageal pressure, end-tidal CO 2 concentration (ETCO2), and body temperature were continuously monitored (body temperature was maintained at 37.5 Ϯ 0.5°C by a heating pad). Periodically, samples of arterial blood were removed for blood gas and pH analysis. Electromyograms of respiratory muscles were recorded with bipolar insulated fine wire electrodes by the technique of Basmajian and Stecko (7) . The electromyograms of expiratory transversus abdominis (ABD) muscles, inspiratory parasternal muscles, laryngeal abductor posterior cricoarytenoid, and laryngeal adductor thyroarytenoid muscles were recorded. The details of electrode positioning were as previously described (113) . Two animals that were included in this study were also used in another series of experiments in which microinjection of neurochemicals into the medulla was performed. These two animals were placed prone in a stereotaxic apparatus and the dorsal surface of the medulla was exposed surgically. The surface of the brainstem was covered by warm paraffin oil (113) . All procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals and approved by the University of Florida Institutional Animal Care and Use Committee.
Tracheobronchial cough was elicited by mechanical stimulation of the intrathoracic airways with a thin polyethylene catheter or a stimulation device formed from a polyethylene catheter connected to 1-3 nylon fiber loops. This stimulator was inserted into the trachea (moved and rotated at ϳ2 Hz) for periods of 10 s (in 3 cats for 20 s) to elicit repetitive coughing. Cough was defined by a large burst of inspiratory-related parasternal muscles electromyographic activity immediately followed by a burst of expiratory ABD electromyographic activity and by a related inspiratory-expiratory waveform of esophageal pressure. These criteria separated cough from other airway defensive behaviors such as augmented breath and the expiration reflex that are also inducible from the trachea (114) .
All electromyograms were amplified, filtered (300 -5,000 Hz), rectified, and integrated (time constant of 200 ms). The number of coughs in response to mechanical stimulation of the trachea (average number of coughs per 10-s stimulation), amplitudes of parasternal, ABD, and laryngeal muscles electromyographic moving averages, amplitudes of esophageal pressure during appropriate phases of cough, duration of inspiratory and expiratory phases of cough (CT I and CTE), total cough cycle duration (CTtot), and duration of ABD electromyographic activity during cough were analyzed. The cough inspiratory phase was defined as the period from the onset of parasternal muscles electromyographic activity until its maximum during cough. The cough expiratory phase was defined as the interval from the maximum of parasternal muscles activity to the onset of the next parasternal electromyographic burst (15) . This phase consists of active E1 (CT E1; from the maximum of parasternal activity to the offset of cough-related ABD activity) and quiescent E2 (CT E2; from the offset of cough ABD activity to the next parasternal muscles activation) periods (147) . The activities of posterior cricoarytenoid and thyroarytenoid muscles were analyzed separately in each of four laryngeal cough phases (111) . In addition, we analyzed the delays from the stimulation onset to the beginning of the cough-related parasternal and ABD activity in animals where BP was altered by inflation of the embolectomy balloons. The inflation of the embolectomy catheter balloon within the descending aorta resulted in an increase of BP after a delay of ϳ2 s. Blood pressure was reduced ϳ5 s after inflation of the embolectomy balloon within vena cava inferior. Cough stimulation was applied one breath after BP either rose or fell due to inflation of the embolectomy balloons. When pressure in the balloons was released to terminate each BP challenge trial, BP returned to control values within a few seconds. The duration of BP alterations caused by balloon inflations never exceeded 30 s. Basic cardiorespiratory parameters of BP, heart rate (HR), respiratory rate (RR), inspiratory esophageal pressure amplitudes, and ETCO 2 were measured within three consecutive respiratory cycles just before and after the inflation of catheter balloons. We also recorded RR, esophageal pressure amplitudes, ETCO 2 from the first breath following the BP change (but before the onset of coughing), BP, and HR within all periods of altered BP. In five additional cats, we reduced BP by injecting nitroprusside (72 Ϯ 8 g/kg; range 60 to 100 g/kg iv). In nitroprusside-injected cats, we analyzed the cardiorespiratory data before the intravenous injection, ϳ30 -60 s later (just before the second postinjection cough trial), and 5 to 20 min after the nitroprusside injection during the recovery period.
The characteristics of coughs during alterations in BP (BP challenge trial Ϫ the cough trial with inflated embolectomy catheter balloon) were compared with parameters of coughs before and after BP challenge. Control cough trials were separated from the BP challenge cough trial by ϳ1 min. This pattern of stimulation and BP alteration was conducted 2-4 times in 15 animals. A slightly different protocol was employed in 11 animals. When a stable cough baseline was attained after ϳ20 consecutive cough stimulation trials, we conducted three to four control cough trials (each separated by ϳ1 min) followed by three to four cough trials with altered BP (the balloon was inflated only during the stimulation, not during the 1-min periods between the trials) and followed by another three to four postchallenge cough trials. No differences were observed between the characteristics of coughing during control pre-and post-BP altered trials; therefore, the pre-and postchallenge control cough trials were pooled. The data obtained from this protocol were not different from that obtained from animals where control and BP challenge trials were alternated (the 15 cats described previously); data from the two protocols were therefore pooled.
Results Computational model and simulation. Network simulations were performed using a previously described simulation program and environment (6, 119) based on the SYSTM11 program by MacGregor (84) . Briefly, interacting populations were simulated with an "integrate-and-fire" (IF) approach. The I-Driver (pre-I) population of pre-Bötzinger complex neurons was implemented with conditional INaP-dependent bursting properties using the approach of Breen et al. (20) , which reproduces bursting behavior similar to implementations in the Hodgkin-Huxley style (22) . The number of neurons in a population ranged from 99 to 300. Excitability of each neuron was determined by an injected current; noise was added to provide variability in the activity of each neuron and the synaptic inputs (external drives) from "fiber populations." At each integration step (0.5 ms), the simulator updated state variables for membrane potential (Eij), spike-generation threshold (THij), postaction potential potassium conductance (GKij), and synaptic conductances (Gijk) for each neuron (j) of each population (i) and each synaptic type (k). When the membrane potential exceeded the cell's threshold, an action potential was generated, the input conductances were activated, and all target cells received (after conduction times) input synaptic currents defined by weights of synaptic connections and type of synapses. The model and initial parameters for simulations were as descibed in Rybak et al. (119); specific modifications and enhancements are given in the RESULTS and Supplemental Tables S1-S4 (Supplemental Material for this article is available online at the J Appl Physiol web site). The program was implemented with the C language and run on 64-bit Intel multiprocessor-based computers under the Linux operating system.
RESULTS
Computational model and simulations. We extended a computational model of the pontomedullary respiratory network (119) capable of reproducing the cough motor pattern. That previous model incorporated connectivity based on prior and coordinated in vivo experiments. It also instantiated speculative connectivity to support the earlier hypotheses that activation of airway cough receptors changes firing activity of second order solitary tract nucleus (NTS) neurons that directly and/or indirectly affect several populations of respiratory neurons in the ventral respiratory column (VRC) and pontine respiratory group (PRG). These evoked changes reconfigure the respiratory network to produce cough motor pattern, acting (at least in part) through the same VRC neurons involved in providing drive to respiratory muscles during normal breathing (123) (124) (125) ).
The present model ( Fig. 1 ) incorporated a circuit "module" for baroreceptor modulation of breathing based on in vivo multiarray recordings and correlational linkages of baroresponsive neurons (76) . The new circuit includes both excitatory and disinhibitory raphé neuron influences acting on VRC decrementing expiratory (E-Dec) neurons, including a "tonic" EDec population with inhibitory actions on inspiratory premotor bulbospinal neurons. The model also incorporates actions of the E-Dec-tonic population based on recently identified functional interactions (78, 102) .
Other changes include 1) addition of a separate excitatory premotor population ("E-Dec-pre") to drive the expiratory laryngeal motoneurons (3), and 2) implementation of a speculative vagal afferent pathway for inhibition of the E-DecPhasic population. This "deflation-sensitive" afferent pathway represents a class of possible network mechanisms that could contribute to a biasing inhibition of E-Dec neurons postulated to be lost with vagotomy (37, 108) . Specific changes incorporated in the present model ( Fig. 1 ) include modifications and additions in neuron population parameters (Supplemental Tables S1-S3) and in the connectivity between the populations (Supplemental Table S4 ); these tables also include information for populations and connections that relay the perturbations to the network model.
The model produced changes in inspiratory and expiratory motor patterns observed experimentally. When disrupted by simulated "vagotomy," the deflation-sensitive afferent circuit operating in parallel with slowly adapting pulmonary stretch receptors contributed to a prolongation of both inspiratory and expiratory phases (not shown). Simulated baroreceptor stimulation prolonged the expiratory phase and reduced inspiratory motor drive (not shown), reproducing in vivo observations (e.g., Ref. 76) and prior modeling results (77) .
Repetitive cough-like motor patterns generated by the enhanced model were altered when evoked during concurrent activation of simulated baroreceptor reflex influences (Fig. 2 ). Specific changes with coactivation of the two system inputs included reductions in the firing rates and integrated traces of model motor outputs, prolongation of individual phases of cough motor pattern, and fewer coughs ( Fig. 2 and Table 1 ). These results from the model led to specific predictions consistent with data obtained from the in vivo experiments described in the next section.
In vivo experiments. An inflation of the balloon within the descending aorta resulted in an increase of BP associated with significant attenuation of coughing ( Fig. 3 and Table 2 ). Blood pressure was elevated by 37.4 Ϯ 5.8 mmHg, from 147.0 Ϯ 4.8 to 184.4 Ϯ 6.2 mmHg (range of 13 to 73 mmHg; P Ͻ 0.001; 12 cats), and this alteration in BP reduced cough number (from 3.86 Ϯ 0.27 to 2.25 Ϯ 0.24; P Ͻ 0.001), cough-related inspiratory (from 6.3 Ϯ 1.1 to 4.7 Ϯ 1.2 cmH 2 O; P Ͻ 0.05) and expiratory amplitudes of esophageal pressure (from 9.7 Ϯ 2.6 to 6.8 Ϯ 2.0 cmH 2 O; P Ͻ 0.001), the magnitudes of parasternal muscles and ABD electromyographic moving averages, as well as the maximum of posterior cricoarytenoid muscle electromyographic moving average during the expulsive phase of cough compared with control coughs (Fig. 3 and Table 2 ). Coughs during increased BP had prolonged CT I (from 1. Experimental reduction of BP by the inflation of the balloon within the inferior vena cava was accompanied by enhancement of coughing ( Fig. 3 and Table 2 ). The BP was reduced by 34.6 Ϯ 6.3 mmHg (from 161.6 Ϯ 6.5 to 127.0 Ϯ 7.9 mmHg, the range of 13 to 75 mmHg; P Ͻ 0.001; 10 cats), and this resulted in increased cough number (from 2.93 Ϯ 0.39 to 3.83 Ϯ 0.34; P Ͻ 0.001); cough-related inspiratory esophageal pressure amplitudes (from 7.0 Ϯ 1.7 to 8.3 Ϯ 1.8 cmH 2 O; P Ͻ 0.05); parasternal, inspiratory posterior cricoarytenoid muscles, and ABD electromyographic moving average amplitudes along with shorter CT E (from 4.64 Ϯ 1.30 to 2.96 Ϯ 0.61 s; P Ͻ 0.01), CT E2 (from 3.43 Ϯ 1.27 to 1.80 Ϯ 0.56 s; P Ͻ 0.001), and CTtot (from 6.28 Ϯ 1.33 to 4.40 Ϯ 0.63 s; P Ͻ 0.01); and the duration of cough-related ABD discharge (from 1.51 Ϯ 0.23 to 1.42 Ϯ 0.25 s; P Ͻ 0.05) compared with control coughs ( Table 2 ). The latencies from the beginning of stimulation to the onset of parasternal muscles and ABD cough activities during reduced BP were decreased compared with controls from 1.68 Ϯ 0.43 to 1.04 Ϯ 0.29 s (P Ͻ 0.02) and from 3.31 Ϯ 0.56 to 2.57 Ϯ 0.36 s (P Ͻ 0.02), respectively.
Intravenous injections of nitroprusside reduced BP for ϳ2 min (maximum changes of 54.8 Ϯ 10.1 mmHg, from 159.0 Ϯ 6.4 to 104.3 Ϯ 13.2; P Ͻ 0.01). These BP reductions were accompanied by increased cough number (from 3.91 Ϯ 0.46 to 5.78 Ϯ 0.27; P Ͻ 0.05), enhanced cough-related parasternal muscles electromyographic moving average amplitudes, and a shorter CT E2 (from 1.16 Ϯ 0.70 to 0.63 Ϯ 0.31 s; P Ͻ 0.05) compared with control (Table 2 ). In addition, there was a tendency for shorter CT E and CTtot (Table 2 ; P Ͻ 0.06); however, the differences were not statistically significant (Table 2). The shorter CTtot and longer cough-related ABD discharge during reduced BP by nitroprusside led to an increased relative duration of ABD activity (expressed as percentage of CTtot, from 34.6 Ϯ 8.6 to 41.8 Ϯ 7.4%; P Ͻ 0.05).
Neither increases nor decreases of BP produced by the inflation of balloons within blood vessels (and coughing induced during these BP modifications) resulted in significant alterations of cardiorespiratory parameters including BP, HR, RR, respiratory esophageal pressure amplitudes, and ETCO 2 ( Fig. 3 and Table 3 ) immediately after the periods of altered BP. However, during increased BP HR and RR were reduced (Table 3) ; when BP was decreased, a higher HR, RR, respiratory esophageal pressure amplitudes, and lower ETCO 2 were observed (Table 3) . Similarly, within the period 30 to 60 s after the intravenous injection of nitroprusside, we observed tachycardia with tachypnea (and hyperpnea) and significant decreases of ETCO 2 ( Fig. 3 and Table 3 ).
DISCUSSION
This study demonstrates that changes in blood pressure modify the excitability and the pattern of tracheobronchial Tables S1-S4 . Aug, units with augmenting activity; BötC, Bötzinger complex; BS, bulbo-spinal; c, caudal; Dec, units with decrementing activity; E, expiratory neurons; E-Dec-pre, E-Dec premotor units excitatory to ELM; EI, neurons with a peak firing rate during the expiratoryinspiratory phase transition and with a Dec activity in inspiratory phase; ELM, expiratory laryngeal motoneurons; I, inspiratory neurons; I driver, excitatory inspiratory neurons with activity onset in the late expiratory phase with conditional bursting pacemaker properties; IE, neurons with a peak firing rate during the inspiratory-expiratory phase transition and with a Dec activity in expiratory phase; ILM, inspiratory laryngeal motoneurons; Lum, lumbar; NRM, nonrespiratory modulated neurons; NTS, solitary tract nucleus; P, phasic; Phr, phrenic; pre-BötC, preBötzinger complex; PRG, pontine respiratory group; PSR, pulmonary stretch receptors; r, rostral; T, tonic; VRC or VRG, ventral respiratory column or group. cough in anesthetized cats. The results are consistent with predictions derived from simulations of a computational model of the brainstem respiratory-cough neuronal network. The amplitudes of pump and upper airway motor unit bursts were diminished, durations of cough phases were prolonged, and cough frequency was reduced. The in vivo experiments also found that coughing was enhanced when BP was reduced.
To our knowledge, this is the first report investigating the effects of experimental BP changes and therefore altered baroreceptor afferent inputs on cough. Pressure-sensitive nerve endings are located primarily within the aortic arch, carotid sinuses, heart atria, and ventricles (29, 134) . Afferent signaling from these receptors is related to the actual BP within the corresponding segment of the cardiovascular system, and this afferent feedback, when significantly altered, results in appropriate adjustments in the control of the cardiovascular and respiratory systems (14, 33, 34, 44, 107) . Inflation of balloons within the descending aorta or inferior vena cava reduced the rate of blood flow distal to the obstruction resulting in increases or decreases of BP in the arterial circulation proximal to the balloons (39, 137) . This and other similar techniques have been widely used for the stimulation vs. unloading of baroreceptors and are considered to be transient, specific, and sufficiently selective (47, 76, 103) . Short duration occlusions of the aorta and vena cava activate/deactivate baroreceptors without profound stimulation of other receptors and cause no ischemic damage to downstream tissues. Far longer reductions in blood flow than those used in our study (15-25 s) are required to observe functional changes within the tissues distal to the occlusion (1, 62, 65, 81, 150) , although some signs of ischemia can be detected within the first 10 s (68). The activities of pressure-sensitive and other receptors within the tissues (50, 53) could be affected during our BP changes by the temporarily modified perfusion (85, 106) . However, observed alterations of coughing conformed well to changes in "central" BP and consequently to the baroreceptor inputs from main baroreceptive areas. Cardiovascular changes in our animals were short lasting and their magnitude was limited (the mean BP continually Ͼ75 mmHg). Vigorous coughing itself markedly modifies blood circulation including pulmonary and brain BP and perfusion of the organs (60, 67), but no distinguishable changes in coughing were reported during cough bouts (16, 67, 113) .
Different methods of baroreceptor stimulation produce opposite hemodynamic changes in the systemic circulation and consequently stimulate other afferents in differing ways (19, 76, 120) . Phenylephrine and carotid clamping produce an elevation in systemic arterial BP, and increased pressure in isolated carotid sinus elicits a reduction in BP (21) . An occlusion of the descending aorta by the method employed in the present study has an opposite effect on arterial BP proximal and distal to the balloon. Nevertheless, these different methods result in very similar responses, e.g., changes of respiratory motor output and firing characteristics of recorded neurons including respiratory units following aorta occlusion, increased carotid sinus pressure, and injection of phenylephrine (76), or corresponding respiratory drive changes to phrenic and hypoglossal nerves (120) during occlusion carotid clamping and occlusions of aorta vs. vena cava, strongly suggesting minor role of other receptors than baroreceptors. The baroreceptor stimulation-related responses are largely eliminated by baroreceptor denervation (117, 143) and are relatively unaffected by vagotomy (120) . Pulmonary afferents were certainly much more vigorously stimulated by mechanical airway probing and by large inspiratory-expiratory efforts during cough than by alterations in BP. It is unlikely that the circulatory changes in our animals, including pulmonary (1) and/or cerebral circulation (14, 82) , resulted in effects (besides the baroreceptive ones) that would noticeably affect cough. It is also unlikely that chemoreceptors were markedly stimulated during our BP changes (Table 3) . Large magnitudes of hypoxia and/or hypercapnia are necessary to significantly inhibit cough (99, 138) . Stimulation of chemoreceptors has been reported during reduced BP (13, 70) , but this change in BP enhanced coughing in our animals. Nitroprusside (iv) administration was secondarily employed to reduce BP in our study. The effects of nitroprusside trials and vena cava inflation balloon trials on coughing corresponded well. However, sodium nitroprusside may well have inhibited cough by an additional mechanism involving activation of BK(Ca) channels (71) .
Cardiovascular and respiratory responses induced by baroreflexes are well documented, including their variations with different experimental conditions and species differences (14, 19, 21, 64, 72, 76, 98) . We observed bradycardia and isocapnic bradypnea associated with BP increases and tachycardia, tachypnea, and hypocapnic hyperventilation with reduced BP (Table 3) . We also found reduced coughing due to the increased BP and enhancement of the cough reflex when BP was decreased. Our computational model with baroresponsive neuronal populations generated respiratory and cough patterns predictive of key features of the in vivo experimental observations. Reduction of coughing with increased baroreceptor input may reflect a negative feedback system that limits increases in BP associated with (even fictive) cough expulsions.
Reflex cough is produced by a complex multilevel brainstem neuronal network (17, 105, 125) that involves respiratory as well as nonrespiratory modulated neurons (18, 55, 124) . Several lines of evidence, including multiple single neuron recordings during fictive cough evoked by mechanical stimulation of the trachea, spike train cross-correlation, Fos expression, and lesioning and simulation experiments (17, 55, 59, 100, 115, (123) (124) (125) , all indicate that the central pattern of cough is produced by circuit elements of the respiratory central pattern generator (CPG) (common respiratory/cough CPG). A primary component of the respiration/cough producing neuronal network is the respiratory rhythm-generating neuronal circuit within the rostral Bötzinger complex/pre-Bötzinger complex region of the VRC (123, 131) . Respiratory-related neurons with various classes of discharge patterns are found in this area (10, 11, 31, 43, 74, 75, 121) . Most of these neurons (from 80 to 85%) have altered firing rates or patterns during coughing; most are synchronous with particular phases of cough (123, 124) . However, both eupneic breathing and reflex coughing also require the NTS (8, 95, 125, 133) , VRC (10, 97, 113, 116, 124, 125, 133) , medullary raphé (4, 57, 75) , medullary lateral tegmental field (58, 63) , and PRG (112, 119, 122, 126) , as well as functioning premotor and motor pathways. Respiratory as well as nonrespiratory neurons in cough-related areas of VRC, NTS, raphé (72, 73, 76, 91) , lateral tegmental field (48) , and PRG (5) responded to baroreceptor stimulation. The computational model included specific "compartments" with neuronal populations known to be responsive to baroreceptor stimulation in vivo; these populations are located within the raphé, VRC, and PRG ( Fig. 1 and Supplemental Table S1 ).
The control of the cardiovascular and respiratory neuronal systems is closely related (34, 107) . Reciprocal cardiorespiratory modulation is observed within the neuronal network; for example, respiratory motor (and premotor) activity is BP pulse modulated (35, 36, 144) . Considering the percentage of coughrelated respiratory neurons within the VRC and the fact that Ͼ35% of respiratory neurons in this region are barosensitive (72, 76) , there is significant overlap in cough-and baroreceptor-related neuronal populations (i.e., Ͼ15% of cough-related respiratory neurons are affected by baroreceptor stimuli). Stim- Data are means Ϯ SE. Proportional parameters are expressed as percentages of control. Results of 5 simulations using the enhanced model are shown. Different seeds for random number generation were used for each simulation, resulting in altered firing patterns of fibers within a population, different connection patterns and conduction times between 2 populations, and changes in the noise added to each neuron. Cough TI, Cough TE, Cough TE1, Cough TE2, inspiratory, all expiratory, active expiratory, and quiescent expiratory cough phase duration. *P Ͻ 0.05, †P Ͻ 0.01, and ‡P Ͻ0.001 vs. control values.
ulation of baroreceptors reduced the firing rate of a majority of VRC inspiratory neurons including some bulbo-spinal ones (72, 76) , a finding consistent with reduced inspiratory motor drive (during eupnea as well as during coughing; Figs. 1 and 3 and Table 2 ). Expiratory neurons respond to increased baroreceptor drive in a more variable manner (reflected also in the simulations ; Fig. 2) ; a number of them responded only by prolongation of the active period, others by increased or decreased activity (46, 72, 76) . Among expiratory neurons, most of E-Dec units increased firing rate due to baroreceptor stimulation (76) . Some of these neurons presumably participate in the determination of expiratory phase duration during eupnea and cough (6, 17, 123) . Synaptic connections from barosensitive raphé neuronal populations in the present computational model (Fig. 1) resulting in excitation and/or disinhibition of E-Dec neurons within VRC (Fig. 2) were derived Fig. 3 . Original records of control coughing (CONTROL) and coughing during elevated (BP increases; A) and lowered blood pressure (BP decreases; B) due to the inflation of balloons within the aorta and vena cava, respectively. Coughing after iv injection (INJ) of nitroprusside is shown in C. Aortic balloons were inflated for ϳ5 s and vena cava balloons for ϳ8 s before mechanical stimulation of the tracheobronchial mucosa was applied. BP, arterial blood pressure; EP, esophageal pressure; Int PCA, Int ThAr, Int ABD, Int PS, electromyographic moving averages of laryngeal abductor posterior cricoarytenoid muscle, laryngeal adductor thyroarytenoid muscle, abdominal muscles, and parasternal muscle, respectively. Moving average waveforms are expressed as percentages of the average amplitudes during control prechallenge coughs. from these studies. Baroreceptor stimulation decreased the firing rates of some E-Dec neurons and most augmenting expiratory (E-Aug) cells within the VRC (76) . In the present model, this reduced activity is a consequence of inhibitory actions of E-Dec populations on E-Aug neurons (Fig. 1) . It has been proposed that a subpopulation of E-Aug and perhaps some E-Dec neurons provide excitatory drive during the expiratory phase of cough (18, 123, 124) . Possible relationships among baroreceptor drive, cough expiratory effort, and the duration of the cough expiratory phase (Fig. 3 and Table 2 ) are consistent with these concepts. In addition, from 25 (76) to 53% (72) of nonrespiratory cells within the VRC respond to baroreceptor stimuli. Some of these neurons may participate in the control of cough.
Within the medullary raphé, ϳ40 -50% of neurons are influenced by inputs from baroreceptors (72, 76, 94, 151) . Medullary raphé neurons are involved in the transformation and transmission of sensory information (including that from baroreceptors) to neurons in the VRC that modulate breathing (76) . The baroreceptor-sensitive components in the present computational model are based on modulation of activity of raphé neurons (see RESULTS and Fig. 1 ). Functional convergence of different afferent inputs on raphé neurons (72, 73, 151) may also include transmission and convergence of vagal pulmonary stretch receptors (125) and/or primary cough-related afferent inputs with baroreceptor afferent feedback. However, the model does not employ any interaction of baroreceptor, cough-related, and/or pulmonary stretch receptor effects on neurons within raphé. Respiratory-related neuronal assemblies in the medullary midline and VRC interact (2, 72, 75, 76, 93) . For example, cross-correlations of raphé and VRC E-Dec neurons (supposedly contributing to the development of expiratory phase) suggested excitatory functional interactions originating from the raphé neuron (76) . There is also a direct modulatory pathway from raphé to phrenic and ABD motoneurons (12, 40) .
Neurons within the PRG participate in normal respiratory rhythmogenesis (10, 119, 122, 136) and the production of reflex coughing (112, 126) . PRG neurons receive direct inputs from pulmonary stretch receptors and rapidly adapting receptors through NTS relay neurons (37, 41, 128) . The baroreflex is depressed from the dorsolateral pons by the modulation of neural transmission within the NTS (42, 52) . Ponto-medullary transection significantly affects breathing and coughing (56, 132) but also alters the baroreflex, particularly its respiratory component (5). It is not known if PRG baroresponsive neurons are involved in the modulation of cough or whether such neurons affect cough-related neurons in other areas. However, synaptic connectivity of the model network predicts baroresponsive PRG neurons and their involvement in cough generation or modulation (Fig. 1 ).
The present model does not incorporate the medullary lateral tegmental field, which contains sympathoinhibitory and sympathoexcitatory neurons that may represent a source of basal sympathetic activity (30, 48) . Neurons in the lateral tegmental field respond to increased carotid sinus pressure (48) and are involved in the baroreflex (30) . Respiratory and nonrespiratory cells of lateral tegmental field (45, 63) also participate in the expression of airway reflex behaviors (38, 58, 59) .
Primary tracheobronchial cough afferents terminate on the second order interneurons mostly within the commissural and (72, 76, 79, 91) . In the present model, modulation of baroreceptors induces activity changes of raphé neurons, but the displayed network does not define a particular NTS population as transmitting this afferent signal to the raphé population and/or processing of this information in the NTS. However, the effects of baroreceptor feedback to these raphé neurons ( Fig. 1 ) are presumed to come from NTS neurons. More than 45% of respiratory neurons and almost 40% of nonrespiratory units within the NTS altered their discharge during baroreceptor stimulation (72) . Various patterns of spatial and temporal synaptic interactions on NTS neurons were observed between the inputs from baroreceptors, laryngeal mechanoreceptors, and chemoreceptors (72, 88 -90) or other sensory afferents (106) . Widespread interconnections with NTS neurons from other cardiorespiratory related brainstem areas can significantly affect the processing of peripheral afferent signals, including those from baroreceptors and cough-related afferents at the second order NTS units (34, 42, 51, 101, 142, 146) . In addition, in the cat some carotid sinus nerve terminals within the dorsolateral NTS expressed immunoreactivity for substance P (86). Substance P-sensitive NTS neurons are significantly involved in production of tracheal-bronchial cough in anesthetized rabbits (95) and guinea pigs (87) . However, given that substance P can also act extrasynaptically and that it promotes cough (95), it is unlikely to have contributed to the suppression of cough observed during intervals of elevated BP. The activity of baroreceptive afferent fibers may reduce the drive into and/or from the second order cough interneurons resulting in attenuated inputs to the respiratory/cough CPG from these neurons. This potential suppression of the second order cough interneurons would result in a slower transition from breathing to coughing, lower cough number, reduced intensity of coughing, and likely also in prolongation of the cough cycle (17) . We observed these changes in our experiments (Table 2 and Fig. 3 ) and simulations (Fig. 2) . However, important interactions between cough and baroreceptor related neuronal networks may occur between components of these networks outside of the NTS as discussed, a view consistent with the performance of the model, which does not contain any NTS population other than those transmitting stretch receptor and cough-related signals. The present model of respiratory/ cough neuronal network does not employ any direct interaction of baroreceptor and cough inputs at the level of the NTS. It has been also shown that there is limited convergence (129) and/or the integration of convergent afferent inputs (e.g., cardiac, carotid chemoreceptor, and C fibers) with baroreceptor signals on NTS neurons. However, this study did not investigate potential convergence of pulmonary afferents other than C-fiber and baroreceptor inputs on NTS neurons. Thus separate pathways for different stimuli via NTS may dominate (34) . Stimuli that significantly modify breathing (e.g., from pulmonary stretch, rapidly adapting, laryngeal, chemo-, and baroreceptors) transmitted and processed by NTS cells alter the discharge of neurons that participate in circuits of the respiratory CPG (10, 72, 73, 92, 104) . Changes in laryngeal motor activation during BP-altered coughs (Table 2) suggest significantly altered discharge patterns of respiratory/cough CPG neurons as well. Although the NTS neurons functionally interact with laryngeal motoneurons within the nucleus ambiguous (9, 130), a general excitation or inhibition of this pathway (e.g., by baroreceptive stimulation) is unlikely to result in differential effects on laryngeal motor outputs during various phases of cough (Table 2 ). Thus respiratory modifications of the baroreceptor reflex (88) and likely complex respiratory responses during the baroreflex may be largely due to elements of the cardiovascular and respiratory networks that are outside of the NTS.
The computational model of the respiratory/cough network includes connections between populations of neurons inferred from many studies of neurons and their interactions recorded during (fictive) breathing. Model simulations have previously generated several alterations of the respiratory pattern similar to those observed with physiological perturbations in vivo, including cough (119) . The model and simulations reported here predicted reductions in the frequency and amplitude of coughs evoked during elevated blood pressure that were confirmed in vivo. The results also suggest new predictions on the discharge profiles of network populations during coughing and altered baroreceptor drive.
In conclusion, our results show that the alterations of blood pressure can modify a majority of the characteristics of coughing. There was a negative relationship between baroreceptor drive and coughing (similar to that with breathing) that likely originates from an interaction between baroresponsive and respiratory brainstem neuronal networks. We suggest that the primary mechanism consists of modulation of discharge characteristics of respiratory neurons within multiple brainstem areas involved in the control and generation of coughing and breathing, particularly those participating in respiratory/cough central pattern generation. Our computational model simulations support this conclusion. In addition, our experimental data support the plausibility of the motivating model that produced motor patterns and network behavior consistent with in vivo observations.
